Introduction {#sec1}
============

Development of gene knockout and replacement strategies for treatment of retinal diseases relies on efficient delivery of genetic tools ablating or substituting genomic sequences.[@bib1] Recent studies have demonstrated efficient biallelic[@bib2] and allele-specific[@bib3] knockout in animal models of retinitis pigmentosa (RP),[@bib4] Leber's congenital amaurosis (LCA),[@bib5] and age-related macular degeneration (AMD)[@bib6] following non-viral or viral delivery of CRISPR/Cas9[@bib7], [@bib8], [@bib9] orthologs.

In autosomal-dominant RP, disease penetrance is conferred by a monoallelic gain of function mutation.[@bib10] Presently, 24 genes have been implicated in the etiology of autosomal dominant RP, with *Rho* variations representing the highest proportion of RP cases.[@bib11] The *Rho* gene encodes a G protein-coupled receptor that is the primary photon detector in rod photoreceptor cells.[@bib10] To develop a simplified therapeutic approach restoring retinal function Bakondi et al. used subretinal injection of naked plasmid DNA encoding single-guide RNA (sgRNA) molecules and *Streptococcus pyogenes* (Sp)Cas9, followed by electroporation for allele-specific targeting of the dominant *Rho*^S334^ mutation in heterozygous S334ter-3 rats.[@bib12] Using this strategy, allele-specific disruption of *Rho*^S334^ was demonstrated resulting in photoreceptor cell preservation, alleviation of retinal degeneration, and improved visual acuity. In another study, likewise based on non-viral delivery, Latella et al. targeted the *Rho* gene in a mutation-independent manner, using two sgRNAs to excise the region around the P23H mutation site,[@bib4] leading to proof-of-principle that SpCas9 knockout and subsequent gene replacement can be utilized for treatment of retinal diseases.

To further improve efficacy of gene knockout, viral vectors have been used to deliver Cas9 to the retina. Hung et al. targeted yellow fluorescent protein (YFP) in Thy1-YFP transgenic mice using an adeno-associated virus (AAV)-based SpCas9 delivery approach.[@bib13] Because of limited cargo capacity, the AAV is not able to deliver both SpCas9 and sgRNA in a single vector.[@bib14] Hence, in the study by Hung et al., sgRNA and Cas9 were delivered by co-transduction of separate AAV vectors. Similarly, sgRNA and SpCas9 delivered in separate AAVs were found to ameliorate the effects of a mutation introducing a cryptic splice site in the *Cep290* gene, often affected in LCA10 patients.[@bib5] Even though gene knockout was demonstrated by the two-vector AAV system, this approach may be limited by the need for co-transduction.

To overcome the limitations related to the two-vector AAV system, other Cas9 orthologs have been investigated.[@bib15], [@bib16] Because of its smaller size (∼3.2 kb), the *Streptococcus aureus* Cas9 (SaCas9)[@bib17] is suitable for combined all-in-one AAV-based vectors encoding both Cas9 and sgRNA. Although SaCas9 and SpCas9 have comparable endonuclease activities, they differ in requirements related to the protospacer-adjacent motif (PAM). Hence, SaCas9 requires a 5′-NNGRRT-3′ PAM sequence, which enables targeting of various genomic positions differing from sites containing the SpCas9 5′-NGG-3′ PAM.[@bib18], [@bib19] Smaller Cas9 orthologs with alternative PAM preferences thus may be crucial to further improve efficacy and specificity of in vivo genome knockout and editing. Exploiting this strategy, a recent study showed efficient in vivo genome editing by *Campylobacter jejuni* Cas9 (CjCas9) targeting vascular endothelial growth factor A (*Vegfa*) following intravitreal delivery of an all-in-one AAV.[@bib6] Even though lentiviral vectors (LVs) have the capacity to deliver large Cas9 proteins together with sgRNAs and marker proteins, as well as a high transduction efficiency and specificity to target a range of different tissues of both dividing and non-dividing cells,[@bib20] only a few studies have demonstrated in vivo gene editing following lentiviral delivery of Cas9.[@bib21]

In this study, we demonstrate for the first time in vivo gene knockout in the murine retina mediated by LVs encoding sgRNA and SpCas9 targeted to the *Vegfa* gene in the retinal pigment epithelium (RPE) cells. As dysregulation of the *Vegfa* gene, which promotes aberrant angiogenesis, is linked to exudative AMD[@bib22], [@bib23], [@bib24] as well as other retinal neovascular disorders, the presented data further support the notion that in vivo genome knockout with Cas9 may provide a new platform for the treatment of AMD.

Results {#sec2}
=======

Design of sgRNAs Targeted to the *Vegfa* Gene {#sec2.1}
---------------------------------------------

To induce efficient knockout of the murine *Vegfa* gene, different *Vegfa*-targeting sgRNAs were designed. The *Vegfa* gene consists of eight exons alternatively spliced to produce several VEGFA isoforms, which perform distinctive tasks in different compartments of the body. The predominant variant is VEGFA, which consists of exon 1--5, 7, and 8. All splice variants share exons 1--5. A large exon provides more sgRNA target sites, increasing the possibility of computing highly efficient sgRNAs. Exon 3 is the largest exon of the first five exons, and indel formation in the beginning of the gene would induce a frameshift leading to nonsense-mediated RNA decay (NMD).[@bib31], [@bib32] On this basis, exon 3 of *Vegfa* was chosen for targeting.

MIT CRISPR Design and Broad Institute CRISPRko were used to assess off-target and on-target efficiency, respectively. CRISPRko internally ranked the designed sgRNAs for off-target scores. Four sgRNAs were designed to guide the SpCas9 by the two sgRNA prediction tools. Two sgRNAs were chosen based on optimal off-target scores (MIT CRISPR Design) combined with the highest possible on-target scores (sgRNA1 and 4) ([Figure 1](#fig1){ref-type="fig"}A). sgRNA2 and sgRNA3 were selected by the highest on-target scores (CRISPRko) ([Table S1](#mmc1){ref-type="supplementary-material"}). A non-targeting control sgRNA was included and is designated here by sgRNA-irrelevant (Irr) (5′-ACGGAGGCTAAGCGTCGCAA-3′).Figure 1Design and Validation of LV/Cas9-sgRNA Vectors In Vitro(A) Murine *Vegfa* target sequence used for sgRNA design. Based on on- and off-target activities assessed by MIT CRISPR Design and Broad Institute CRISPRko, four sgRNAs were designed. Sequence of each sgRNA is indicated with subsequent PAM sequence (red) and supposed cut-site (triangle). (B) Schematics of the LV/Cas9-sgRNA multigenic expression vector. The lentiviral transfer vector incorporates a U6 promoter that drives the expression of the gRNA scaffold. Indicated Bsm*BI* restriction sites were used for cloning of the sgRNA sequences. The EFS promoter drives expression of the SpCas9 transcript also encoding a FLAG tag, a P2A self-cleaving sequence, and *eGFP*. (C) Immunofluorescence analysis of eGFP expression five days post-transduction. HEK293-VEGFA cells transduced with 500 ng p24 of LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, LV/Cas9-sgRNA3, LV/Cas9-sgRN4, or LV/Cas9-sgRNA-Irr. Immunofluorescence analysis of eGFP indicates transduction efficiency after 5 days. A non-transduced control was included (control). (D) Sequencing of *Vegfa* gDNA following LV transduction. Five days post-transduction, gDNA was isolated from LV-transduced HEK293-VEGFA cells and used as template for PCR. Amplification of *Vegfa* using sequence-specific primers resulted in a 567-bp PCR product, which was sequenced using the forward PCR primer. The resultant chromatograms are shown. (E) Indel formation efficiency by Surveyor Nuclease Assay and TIDE analysis. The *Vegfa* gene was amplified using gDNA isolated from HEK293-VEGFA cells transduced with LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, LV/Cas9-sgRNA3, LVCas9-sgRNA4, LV/Cas9-sgRNA-Irr, or the non-transduced control (control). For surveyor nuclease assay, PCR products were reannealed to generate heteroduplexes followed by surveyor nuclease digestion and analysis by gel electrophoresis (black columns). Indel formation frequencies were calculated according to the [Materials and Methods](#sec4){ref-type="sec"}. Gel electrophoresis following surveyor nuclease digestion is presented in [Figure S1](#mmc1){ref-type="supplementary-material"}A. Sequencing results from LV/Cas9-sgRNA1-, LV/Cas9-sgRNA2-, LV/Cas9-sgRNA3-, and LV/Cas9-sgRNA4-transduced HEK293-VEGFA cell samples were analyzed by TIDE in comparison to the LV/Cas9-sgRNA-Irr sample (white columns). Indel formation frequencies are shown as mean ± SD (n = 3). Scale bar, 200 μm. EFS, elongation factor 1α short; HEK293, human embryonic kidney cells; LV, lentiviral vector; PAM, protospacer-adjacent motif; sgRNA, single-guide RNA; TIDE, tracking of indels by decomposition; *Vegfa*, vascular endothelial growth factor A.

LV constructs, called LV/Cas9-sgRNA1-4 or LV/Cas9-sgRNA-Irr, were generated by cloning each sgRNA into the RNA scaffold induced by the U6 promoter in the lentiCRISPRv2 vector. In parallel, the LV constructs, under the control of the elongation factor 1α short (EFS) promoter, encode SpCas9. For easy visualization, the lentiCRISPRv2 vector contains a DNA sequence of a FLAG tag fused to the SpCas9 cDNA sequence followed by DNA sequences encoding a P2A self-cleaving peptide and the eGFP marker protein ([Figure 1](#fig1){ref-type="fig"}B). The resultant LV constructs were used in all further experiments.

In Vitro Validation of Gene Knockout {#sec2.2}
------------------------------------

To validate efficiency of the designed sgRNAs, human embryonic kidney 293 (HEK293)-VEGFA cells stably expressing high levels of VEGFA were utilized. The HEK293-VEGFA cell line was transduced with 500 ng p24 LV/Cas9-sgRNA(1-4) or LV/Cas9-sgRNA-Irr. At day five, fluorescence analysis of eGFP expression showed high transduction levels for all LVs ([Figure 1](#fig1){ref-type="fig"}C), except for LV/Cas9-sgRNA4. As the SpCas9 and eGFP proteins were translated from a single transcript, their expression should be similar, meaning that robust eGFP expression indicated high SpCas9 expression and possibly high knockout efficiency. At day five, cells were harvested and analyzed by sequencing, tracking of indels by decomposition (TIDE) software, and the surveyor nuclease assay for indel formation.

DNA sequencing chromatograms obtained from analysis of cells transduced with LV/Cas9-sgRNA1 and LV/Cas9-sgRNA2 showed alternating sequences from the cut site (3-bp upstream of the PAM) indicating formation of different kinds of indels as result of double-stranded break formation by the SpCas9 and subsequent non-homologous end joining ([Figure 1](#fig1){ref-type="fig"}D). Low-frequency indel formation, in the form of small alterations from the cut site and forward, was observed in the chromatograms resulting from the analysis of HEK293-VEGFA cells transduced with LV/Cas9-sgRNA3 or LV/Cas9-sgRNA4. As expected, inspection of chromatograms obtained from cells transduced with LV/Cas9-sgRNA-Irr showed no changes compared to the *Vegfa* sequence (data not shown). By comparing the obtained sequencing data to the *Vegfa* sequence resulting from cells transduced with LV/Cas9-sgRNA-Irr, the TIDE software revealed high editing efficiency of 44% ± 12%, and 56% ± 5% for cells treated with LV/Cas9-sgRNA1 or LV/Cas9-sgRNA2, respectively. These efficiency scores are in accordance with the respective chromatograms.

The sequencing analysis of genomic DNA (gDNA) isolated from HEK293-VEGFA cells transduced with LV/Cas9-sgRNA3 or LV/Cas9-sgRNA4 revealed chromatograms showing low frequency alterations from the cut-site and forward. However, the TIDE scores significantly differed as editing efficiency for cells treated with LV/Cas9-sgRNA3 was 93% ± 2% compared to 8% ± 1% in the case of LV/Cas9-sgRNA4. Additionally, PCR amplicons of the *Vegfa*-target region were used for surveyor nuclease assay. Cell samples transduced with LV/Cas9-sgRNA1 or LV/Cas9-sgRNA2 scored similarly to the TIDE results with a 56% ± 11% and 66% ± 9% indel formation, respectively ([Figure 1](#fig1){ref-type="fig"}E). In contrast, indel formation efficiencies of 29% ± 6% and 38% ± 15% were observed for amplicons obtained from HEK293-VEGFA cells transduced with LV/Cas9-sgRNA3 or LV/Cas9-sgRNA4, respectively.

In summary, the LV/Cas9-sgRNA1 and LV/Cas9-sgRNA2 vectors repeatedly resulted in high indel formation using different analysis methods. LV/Cas9-sgRNA3 also provided high indel formation as judged by the TIDE analysis, but seemed mediocre at best based on the chromatogram and surveyor nuclease assay. An apparently low transduction efficiency based on eGFP fluorescence of the LV/Cas9-sgRNA4, resulting in low levels of indel formation, rendered this vector inappropriate for further studies. Hence, the in vitro validation demonstrated that three out of four sgRNAs delivered by LVs were able to induce indel formation with high efficiency and were thus relevant for in vivo validation.

Genomic *Vegfa* Knockout Effects on Protein Level {#sec2.3}
-------------------------------------------------

Based on LVs encoding effective *Vegfa*-targeted sgRNAs, we wanted to investigate whether indel formation affected the functional protein levels. Using the same experimental setup as described above, the VEGFA protein levels in HEK293-VEGFA cells transduced with either LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, or LV/Cas9-sgRNA-Irr were examined. As a negative control non-transduced cells were included. In accordance with the findings presented in [Figure 1](#fig1){ref-type="fig"}C, immunofluorescence analysis of eGFP at day five post transduction ([Figure 2](#fig2){ref-type="fig"}A) showed efficient transduction for all three LV/Cas9-sgRNAs. As the VEGFA protein exhibits its mitogenic activity on nearby endothelial cells after secretion, we assessed VEGFA protein content in both cell lysates and in the cultivation medium by means of western blotting ([Figure 2](#fig2){ref-type="fig"}B).Figure 2In Vitro Validation of Functional Knockout(A) Immunofluorescence analysis of eGFP expression. HEK293-VEGFA cells transduced with 500 ng p24 LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, or LV/Cas9-sgRNA-Irr evaluated for eGFP expression by fluorescence five days post-transduction. A non-transduced control (control) was included. (B) Western blot analysis of VEGFA following LV transduction of HEK293-VEGFA cells. Five days post-transduction media from all four samples were collected, and the cells were lysed for protein purification. 15 μg of total protein was used for LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, LV/Cas9-sgRNA-Irr, and the non-transduced control (control) (lanes 1--4), as well as 15 μL media for each sample (lanes 5--8). The cell lysates and media were subjected to electrophoresis and blotting. The resultant membranes were incubated with a rabbit anti-VEGFA antibody. A rabbit antibody against H3 was used as loading control for the cell lysate samples. VEGFA- and H3-specific bands were visualized using an ImageQuant LAS4000 digital imaging system. Quantification of VEGFA relative to IRR samples is indicated below the samples. The positions of VEGFA and H3 are indicated with arrows. Molecular sizes in kilodaltons are indicated on the left. The presented western blot is a representative of three independent experiments. Scale bars, 200 μm. H3, histone H3.

The western blot analysis revealed an immune-reactive band between ∼20 and ∼25 kDa,[@bib27] representing the VEGFA protein. VEGFA protein was detected in both cell lysates and medium from the transduced cells. In comparison to the cells transduced with LV/Cas9-sgRNA-Irr ([Figure 2](#fig2){ref-type="fig"}B, lane 2), the lysate obtained from cells transduced with LV/Cas9-sgRNA1 or LV/Cas9-sgRNA2 contained significantly lower levels of VEGFA protein (18%--25% of normal level) ([Figure 2](#fig2){ref-type="fig"}B, lanes 3 and 4). Analysis of the cell culture medium showed similar results as the samples obtained from the cell lysate. Hence, significant reduction of the VEGFA levels (22%--45% normal level) was obtained in medium from cells treated with LV/Cas9-sgRNA1 or LV/Cas9-sgRNA2 compared to the LV/Cas9-sgRNA-Irr sample ([Figure 2](#fig2){ref-type="fig"}B, compare lanes 6--8).

These results showed that both cell lysate and medium obtained from transduced cells encoding SpCas9 and either sgRNA1 or sgRNA2 resulted in significantly reduced levels of VEGFA protein compared to cells transduced with LV/Cas9-sgRNA-Irr, demonstrating efficient knockout of *Vegfa* when the cells were treated with SpCas9-sgRNAs targeting *Vegfa*. Thus, the ability of the *Vegfa*-specific sgRNAs to induce indel formation, validated by TIDE and surveyor nuclease assay ([Figure 1](#fig1){ref-type="fig"}E), directly translates into decreased VEGFA protein levels, thereby confirming the link between genomic and functional knockout.

SpCas9 Expression in RPE Cells following Subretinal Injections of LVs {#sec2.4}
---------------------------------------------------------------------

As in vitro validation of LV-delivered sgRNAs demonstrated genomic and functional knockout of *Vegfa*, in vivo efficiency of the LVs was examined in mice following subretinal injections. To transduce the RPE cells, the primary production site of VEGFA in the retina, four groups of 5--13 C57BL/6J mice were subretinally injected with 100 ng p24 LV/Cas9-sgRNA-eGFP either guided by sgRNA1, sgRNA2, sgRNA3, or sgRNA-Irr ([Figure 3](#fig3){ref-type="fig"}A).Figure 3In Vivo Validation of Lentiviral CRISPR/cas9 Targeting of RPE Cells(A) Schematics of the experimental workflow for in vivo evaluation of genomic knockout. Subretinal injections of LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, LV/Cas9-sgRNA3, or LV/Cas9-sgRNA-Irr in C57BL/6J mice, 8--9 weeks of age at day 0. Funduscopic eGFP assessment at days 14, 21, 28, and 35 PI. At day 35, PI mice were euthanized, and their retinas were dissected followed by FACS-mediated isolation of eGFP^+^ RPE cells. Following PCR, amplification of gDNA *Vegfa*-specific amplicons was used for TIDE analysis and TOPO cloning. (B and C) Immunofluorescence assessment of eGFP expression in RPE following cryosectioning. At day 35 PI, non-injected control (control) mice (n = 3) and LV/Cas9-sgRNA1 (sgRNA1) subretinally injected C57BL/6J mice (n = 3) were euthanized, and the eyes were enucleated and fixated in PFA for cryosectioning. eGFP signals were evaluated following nuclear staining with DAPI. Scale bar, 20 μm. PFA, paraformaldehyde.

At day 35, post injection (p.i.) mice were euthanized and the eyes enucleated. To further investigate expression from the LVs, three eyes of LV/Cas9-sgRNA1 injected mice were dissected and cryosectioned. Three non-injected control eyes were used as negative controls. The RPE cells and the outer nuclear layer were analyzed by confocal laser scanning microscopy, revealing RPE specific eGFP expression in the LV/Cas9-sgRNA1 injected eyes ([Figure 3](#fig3){ref-type="fig"}C). As expected, no eGFP expression was observed in the RPE layer of the control eyes ([Figure 3](#fig3){ref-type="fig"}B). However, green fluorescent signal was observed outside the RPE layer, representing autofluorescence due to abundancy of fluorophors, including all-trans retinol, A2-PE and FAD.[@bib33], [@bib34], [@bib35] As the cDNA sequences encoding SpCas9 and eGFP were transcribed as a single mRNA, separated by a P2A self-cleaving peptide in the LV, the observed RPE-specific eGFP expression pattern indicated that SpCas9 was likewise produced in the RPE cell layer following subretinal administration of the LVs.

In Vivo Knockout Assessed in Isolated eGFP^+^ Cells following Fluorescence-Activated Cell Sorting {#sec2.5}
-------------------------------------------------------------------------------------------------

Our data showed that the eGFP expression was confined to the RPE cell layer ([Figure 3](#fig3){ref-type="fig"}C). As eGFP signals mark cells positive for transduction, we aimed at isolating eGFP^+^ RPE cells in order to validate the in vivo knockout efficiency induced by the SpCas9 and sgRNA1-, sgRNA2-, and sgRNA3-encoding LVs. Unilateral subretinal injections of 30 C57BL/6J mice divided into four groups receiving either LV/Cas9-sgRNA1 (n = 10), LV/Cas9-sgRNA2 (n = 5), LV/Cas9-sgRNA3 (n = 5), or LV/Cas9-sgRNA-Irr (n = 10) were performed. The experiment was conducted as delineated in [Figure 3](#fig3){ref-type="fig"}A. Five weeks p.i., the mice were euthanized and the eyes enucleated and dissected. As eGFP expression was observed solely in RPE cells in the histological examination, only the eyecup comprised of the sclera, choroid, and RPE cell layer was used. The cell suspensions from each group (five or ten mice) were then pooled and subjected to fluorescence-activated cell sorting (FACS) analysis. Even though the neuroretina was removed before FACS analysis, the results showed that the cell solution was not a uniform population of RPE cells, but rather a collection of positive cells primarily consisting of RPE cells ([Figure 4](#fig4){ref-type="fig"}A).Figure 4In Vivo Gene Editing following FACS Analysis(A--E) Following subretinal injection of LV/Cas9-sgRNA1 (n = 13), LV/Cas9-sgRNA2 (n = 5), LV/Cas9-sgRNA3 (n = 5), or LV/Cas9-sgRNA-Irr (n = 10) in C57BL/6J mice, animals were euthanized at day 35 PI, and the retinas were dissected. (A) FACS analysis of the resultant RPE cells. The RPE cells from all mice in each group were pooled before FACS analysis. Representative results from the FACS analysis (LV/Cas9-sgRNA3). No cells were excluded because of size (forward-scattered light \[FSC\]) or granularity (side-scattered light \[SSC\]). (B) Illustration of eGFP versus SSC FACS analysis (LV/Cas9-sgRNA3), including thresholds for eGFP^+^ and eGFP^−^ cells. Because of these criteria, cells were marked as eGFP^+^ or eGFP^−^. (C) Numbers of FACS-mediated isolation of eGFP^+^ RPE cells from the four groups resulted in LV/Cas9-sgRNA-Irr 10,285 cells (n = 10), LV/Cas9-Cas9-sgRNA1 11,554 cells (n = 10), LV/Cas9-sgRNA2 1,936 cells (n = 5), and LV/Cas9-sgRNA3 10,842 cells (n = 5). (D) Sequencing chromatograms of PCR amplicons following administration of LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, or LV/Cas9-sgRNA3. Chromatograms were assessed for indels by TIDE in comparison to LV/Cas9-sgRNA-Irr. (E) Sequencing analysis of TOPO-cloned PCR amplicons obtained from FACS-isolated eGFP^+^ RPE cells. PCR amplicons following delivery of LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, or LV/Cas9-sgRNA3 were TOPO cloned into the pCR-Blunt-II-TOPO vector. Purified DNA samples were amplified by means of PCR and *Vegfa* exon 3-specific amplicons sequenced. The resultant sequences were designated with the number of sequences (1× by default), altered length, and overall indel formation frequency. The wild-type is shown in red; insertions and deletions are indicated in bold and cyan. Top: schematic overview of the three target sites in *Vegfa* exon 3. Blue arrows shown on top of the sequence represent the different Cas9-sgRNAs. PAM sequences are underlined and indicated beneath the sequence. PAM, protospacer-adjacent motif; FSC, forward-scattered light; SSC, side-scattered light.

eGFP^+^ cells were isolated according to the gating shown in [Figure 4](#fig4){ref-type="fig"}B, resulting in ∼10.000 positive cells from the groups subretinally injected with LV/Cas9-sgRNA1, LV/Cas9-sgRNA3 or LV/Cas9-sgRNA-Irr, while only ∼2.000 eGFP^+^ cells were obtained from the LV/Cas9-sgRNA2-transduced group ([Figure 4](#fig4){ref-type="fig"}C). A short region of the *Vegfa* gene was PCR-amplified from gDNA obtained from the isolated eGFP^+^ cell population using primers specific for exon three of *Vegfa*. To determine the indel formation efficiency, TIDE analysis and TOPO cloning were applied. Sequencing chromatograms showed specific alterations following the cut site in samples obtained from mice injected with LV/Cas9-sgRNA1 and LV/Cas9-sgRNA2, and TIDE analysis scored 20.8% and 33.9% indel formation, respectively, in comparison to the LV/Cas9-sgRNA-Irr sample ([Figure 4](#fig4){ref-type="fig"}D). The sequencing of DNA obtained from eGFP^+^ cells treated with LV/Cas9-sgRNA3 showed limited alterations in the chromatogram, but interestingly an extra A nucleotide was inserted after the cut site. Following TIDE analysis, the indel formation score was calculated to 83.6% in comparison to the LV/Cas9-sgRNA-Irr sample, of which 79.1% was a 1-bp insertion ([Figure S1](#mmc1){ref-type="supplementary-material"}C), which is in accordance with the sequencing analysis. Hence, the scores obtained from the in vivo experiment were comparable to the in vitro scores for each of the investigated guide sequences ([Figure 1](#fig1){ref-type="fig"}E).

To investigate the nature and frequency of specific SpCas9-induced indels, TOPO-cloning was performed using *Vegfa* exon 3 PCR amplicons from gDNA of eGFP^+^ cells isolated from murine retinas by FACS (see [Figure 3](#fig3){ref-type="fig"}A). In the case of LV/Cas9-sgRNA1, 13 clones were sequenced showing three 1-bp insertions, one 2-bp insertion, and a 3-bp deletion, resulting in a 38.5% knockout efficiency (5/13). Twenty-two colonies of the LV/Cas9-sgRNA2 sample were sequenced, resulting in eight insertions and deletions (−4-bp to +1-bp) giving a 36.7% knockout efficiency (8/22). Notably, the data from the LV/Cas9-sgRNA3 sample show that out of 13 colonies, 10 had an identical 1-bp insertion and one colony had a 2-bp deletion, resulting in an 84.6% indel formation (11/13). The 1-bp insertion was identical to the A nucleotide identified in the chromatogram.

To investigate the impact of in vivo genomic knockout on the VEGFA protein level western blot analysis was pursued. As a maximum of 10,000 eGFP^+^ RPE cells was retrieved following FACS analysis (see above), the VEGFA level was assessed in 10,000 eGFP^−^ cells. Since no VEGFA protein was detected in these cells (data not shown), most likely due to the limited number of isolated RPE cells, western blot analysis on FACS-sorted eGFP^+^ cells was not performed.

In summary, we demonstrated efficient in vivo knockout of the *Vegfa* gene in isolated eGFP^+^ RPE cells following subretinal injection of LVs encoding SpCas9 and different sgRNAs.

Discussion {#sec3}
==========

Our study is the first to report LV-based retinal delivery of CRISPR/Cas9 generating genomic knockout indel formation. LVs have previously been applied for in vitro screening of various targets including *Vegfa*[@bib36], [@bib37], [@bib38], [@bib39] but only sparsely for in vivo CRISPR/Cas9 delivery.[@bib21] In this study, we show (1) indel formation in *Vegfa*, (2) functional knockout of genomic *Vegfa in vitro* following LV transduction, (3) delivery of LVs expressing sgRNA with SpCas9 to the RPE cells following a subretinal injection in mice, and (4) in vivo targeting of *Vegfa* as result of LV transduction of Cas9 in combination with three different sgRNAs. These data collectively provide proof of principle for lentivirus-delivered CRISPR/Cas9 to the murine retina and subsequent Vegfa genomic knockout.

LVs expressing sgRNA1 and sgRNA2 provided a frameshift knockout indel formation in eGFP^+^ RPE cells. The indels identified by TOPO cloning predominantly caused frameshifts leading to premature termination codons (only one 3-bp deletion resulted from LV/Cas9-sgRNA1), which in the end resulted in synthesis of truncated VEGFA protein and/or NMD. LV/Cas9-sgRNA3 targeting of *Vegfa* in HEK293-VEGFA and retinal RPE cells primarily induced a unique 1-bp insertion as assessed by TIDE analysis ([Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C), as well as TOPO cloning. Surveyor Nuclease Assay of cells transduced with LV/Cas9-sgRNA3 revealed low frequency of indel formation. However, as this unique 1-bp insertion is the predominant variant in the sample (∼84%), reannealing primarily generates identical homoduplexes (containing the 1-bp insertion) and thereby results in a situation in which the production of surveyor nuclease digestion sites may be limited.

The applied polyclonal anti-VEGF antibody targets epitopes formed by a synthetic peptide corresponding to amino acid residues 50--150 of VEGFA. As the designed sgRNAs target *Vegfa* sequences encoding amino acid residues 45--72 of VEGFA, truncated protein (encoded by *Vegfa* cDNA) might be produced in HEK293-VEGFA cells, which are not recognized by the antibody. On the other hand, in the case of targeting genomic *Vegfa* in vivo, this issue may not be considered a major concern because LV/Cas9-sgRNA1-3 all result in frameshift mutations and introduction of premature termination codons before the last exon, thereby rendering the resultant transcripts prone to NMD[@bib31], [@bib32] and hence resulting in limited synthesis of truncated VEGFA protein. However, it cannot be ruled out that fractions of truncated VEGFA are produced in the HEK293-VEGFA cells. Notably, our results clearly show almost undetectable levels of full-length VEGFA in HEK293-VEGFA cells following delivery of LV/Cas9-sgRNA1 or LV/Cas9-sgRNA2. Recently, genomic disruption of VEGFA in human RPE (ARPE-19) cells using LV-delivered CRISPR/Cas9 demonstrated indel formation in *Vegfa* at frequencies up to 37.0% with corresponding decreases in secreted VEGFA protein up to 41.2%.[@bib39] In the present study using HEK293-VEGFA cells LV-delivered CRISPR/Cas9 induced indel formation in *Vegfa* at frequencies up to 93% with corresponding decreases in secreted VEGFA protein up to 78%. The observed differences obtained in the two model systems may reflect variations in transduction efficiency.

As VEGFA dysregulation is the main contributor to AMD development, we targeted the primary site of VEGFA production: the RPE cells. Initially mice were inspected by in vivo fundoscopy at day 14, 21, 28 and 35 p.i. prior to euthanization and TIDE analysis of RPE cells isolated from dissected eyes. Unexpectedly, no eGFP^+^ cells were detected in the retina by fundoscopy and the TIDE analysis provided no indel formation at any of the investigated time points. Limited transduction efficacy, as a consequence of either low functional virus titer or complications following the subretinal injections, combined with a very short exposure time (66 ms) restricted by the Micron IV Retinal Imaging Microscope, may explain these findings. However, analysis of cryosections obtained from the 35 days p.i. group (LV/Cas9-sgRNA1) demonstrated eGFP expression in the RPE cells, and subsequently presence of LVs in the target cells. Hence, to improve the capability to detect indel formation in transduced cells following lentiviral delivery in vivo, FACS-mediated isolation of eGFP^+^ RPE cells was pursued. Notably, TIDE analysis and TOPO cloning performed on the FACS-sorted cells from retinas treated with LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, or LV/Cas9-sgRNA3 collectively revealed significant levels of indel formation in transduced cells.

Another recent study by Kim et al.[@bib6] has used the CRISPR/Cas system for gene knockout in the retina.[@bib6] In this study, the authors investigated the specificity of CjCas9 targeting the *Rosa26*, *Vegfa* and *Hif1a* genes. Following intravitreal injection of AAV expressing CjCas9, the three targets were evaluated by analysis of whole retinas and RPE cells, revealing indel formation frequencies ranging from 15%--60%, with ∼20% indel formation when targeting *Vegfa*. Furthermore, they observed ∼20% decrease in VEGFA protein levels as a result of genomic knockout. Our LV-based results further supported these findings, and LV/Cas9-sgRNAs cause indels with frequencies in line with the indel formation frequencies obtained by the CjCas9-AAV system, thereby paving the way for possible therapeutic application of CRISPR/Cas9 delivered by viral vectors for retinal diseases.

LVs have a larger cargo capacity compared to AAVs, which allows the expression of the larger Cas9 proteins, enabling targeting of more genomic sites. Multiple sgRNAs can be expressed for multigenic targeting or for excision of exact sequences, all in combination with appropriate marker proteins. The larger cargo capacity potentially brings endless possibilities to the experimental setup. When using dual AAVs for delivery, this versatility is not possible. A drawback of the dual AAV system is that it requires co-transduction to be functional, ultimately targeting fewer cells and wasting AAV particles on cells only transduced by one vector. Subsequently, increased amounts of AAV particles are needed to obtain efficacy, and as a consequence the risk of immuno- as well as genotoxicity will likewise increase.[@bib40] Still, AAV possesses high transduction efficiency and versatility of serotypes, making it a suitable delivery vehicle for Cas9 for a range of experimental setups. A toolbox with AAV-delivered SaCas9 and LV-delivered SpCas9 will increase the available genomic targets.

As LVs primarily transduce the RPE cells following subretinal injection,[@bib41] acquired and autosomal dominantly inherited retinal diseases affecting the RPE cells might be targets for LV-based CRISPR/Cas therapy. A number of retinal targets have been examined by CRISPR/Cas for elimination/reduction of a specific protein, as in our study, or mutation specific targeting of disease alleles. Targeting the disease allele would, if dominant, alleviate the condition, as the healthy allele would restore normal function of the protein.[@bib42] Bakondi et al.[@bib12] used this approach in a heterozygous S334ter-3 rat model of RP substituting a serine with a termination codon. By specifically targeting two SNPs, one in the PAM and one 10-bp upstream of the PAM in the sgRNA, indel formation solely in *Rho*^*S334*^ was detected, leaving *Rho*^*wild-type*^ untouched to restore physiological conditions.

In conclusion, this study further supports the use of viral vectors for retinal gene therapy and emphasizes the possibility of adapting this system for clinical use in the future. We expand the CRISPR/Cas toolbox with LV delivery, which holds potential for RPE-specific delivery of CRISPR/Cas systems.

Materials and Methods {#sec4}
=====================

sgRNA Design and Construct Generation {#sec4.1}
-------------------------------------

sgRNAs targeting the exonic regions of the murine *Vegfa* gene were designed. The MIT CRISPR Design[@bib19] and Broad Institute CRISPRko[@bib25] software algorithms were used to estimate on-target and off-target gene knockout efficiency. A non-targeting sgRNA, designated sgRNA-Irr, was used as a control (5′-ACGGAGGCTAAGCGTCGCAA-3′). sgRNA-Irr was obtained from a Human GeCKOv2 CRISPR knockout pooled library, and BLAST analysis showed no targeting in the murine genome. Human GeCKOv2 CRISPR knockout pooled library was a gift from Feng Zhang (Addgene Pooled Library \# 1000000048, \#1000000049).[@bib26] Four *Vegfa* targeting sgRNAs (1--4) were designed: sgRNA1: 5′-TCGGACGGCAGTAGCTTCGC-3′, sgRNA2: 5′-CCGTCCGATTGAGACCCTGG-3′, sgRNA3: 5′-CTCCTGGAAGATGTCCACCA-3′, and sgRNA4: 5′-AAGATGTACTCTATCTCGTC-3′. LentiCRISPRv2-egfp was constructed by replacing a puromycin-resistant component in the lentiCRISPRv2 with an *eGFP* gene using Gibson Assembly. LentiCRISPRv2 was a gift from Feng Zhang (addgene plasmid \#52961).[@bib26] The sgRNAs were cloned into the BsmBI sites of the lentiCRISPRv2-egfp plasmid. Expression of sgRNA was under the control of a U6 promoter. In parallel, the lentiCRISPRv2 plasmid, under the control of the EFS promoter, encodes SpCas9 fused to the FLAG tag and a P2A self-cleaving peptide followed by the eGFP marker protein.[@bib26] The resultant LV constructs were designated LV/Cas9-sgRNA1-4 or LV/Cas9-sgRNA-Irr.

Stable VEGFA-Expressing Cell Line {#sec4.2}
---------------------------------

The murine *Vegfa* sequence (GenBank AAH61468.1, coding part of BC061468.1) was cloned into the NotI sites of the pT2/CMV vector. Human embryonic kidney (HEK293) cells were stably transfected with the pT2/CMV-VEGFA construct and evaluated by immunostaining and qPCR (data not shown) as previously shown.[@bib27] Stable VEGFA-expressing HEK293 cells are designated by HEK293-VEGFA from this point onward.

Cell Culture, LV Production, and Transductions {#sec4.3}
----------------------------------------------

HEK293-T (catalog number CRL-1573; American Type Culture Collection) and HEK293-VEGFA[@bib27] cells were maintained in DMEM (Lonza, Schweiz), supplemented with 10% fetal calf serum (Sigma-Aldrich, Broendby, Denmark), 0.29 mg/mL glutamine (Sigma-Aldrich), 0.06 mg/mL penicillin (FarmaPlus, Oslo, Norway), and 0.1 mg/mL streptomycin (Sigma-Aldrich). Cells were cultured in tissue culture flasks or 6-well plates (both Sarstedt, Nürnbrecht, Germany) at 37°C with 5% (v/v) CO~2~. LVs were produced using calcium phosphate triple transfection as previously described.[@bib28] For in vitro validation, 200,000 HEK293-VEGFA cells were seeded in 6-well plates. The following day, the medium was replaced by fresh DMEM containing 8 μg/mL polybrene (Sigma-Aldrich) before transducing the cells with 500 ng p24 of LV/Cas9-sgRNA(1-4) or LV/Cas9-sgRNA-Irr. One day post-transduction, medium was replaced by fresh DMEM, and 5 days post-transduction, cells were harvested for genomic DNA (gDNA) purification.

Indel Analysis: TIDE and Surveyor Nuclease Assay {#sec4.4}
------------------------------------------------

DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany) was utilized for gDNA isolation from LV/Cas9-sgRNA1-4- or LV/Cas9-sgRNA-Irr-transduced HEK293-VEGFA cells following the manufacturer's protocol and quantified using a spectrophotometer (NanoDrop, BioNordika, Herlev, Denmark). For TIDE analysis (<https://tide-calculator.nki.nl/>), two primer sets were utilized: one set for the amplification of the whole-*Vegfa* gene of HEK293-VEGFA and another exon 3-specific sequence for in vivo knockout analysis. The sequences were amplified by PCR using the Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Hvidovre, Denmark). PCR products were purified by MiniElute PCR purification (QIAGEN) and subsequently sequenced (GATC, Copenhagen). For the surveyor nuclease assay, 200 ng purified PCR product was applied for duplex formation by denaturation and subsequent heteroduplex formation (95°C for 10 min, ramped down to 25°C at 5°C/min, and 25°C for 1 min). The surveyor nuclease assay (Surveyor Mutation Detection Kit, Integrated DNA Technologies, Leuven, Belgium) was performed according to the manufacturer's protocol and incubated for 1 hr at 42°C. A 2% TAE agarose gel was used for visualizing the PCR product, and ImageJ (<https://imagej.nih.gov/ij/>; National Institute of Health, Bethesda, MD, USA) was used for quantification of the DNA band intensities. Indel formation was analyzed using the following equation: indel% = 100 ⋅ (1 -- (1 -- f~cut~)^1/2^), where f~cut~ is the fraction of total cleaved DNA.[@bib29] Primer sequences are shown in [Table S2](#mmc1){ref-type="supplementary-material"}.

Western Blotting {#sec4.5}
----------------

Western blot analysis was performed on extracts from HEK293-VEGFA cells transduced with either 500 ng p24 LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, or LV/Cas9-sgRNA-Irr. Non-transduced cells were used as control. 5 days post-transduction, medium and cells were harvested. Medium was filtered (22 μm), and 15 μL was used for western blotting as previously described.[@bib28] In brief, 200 μL RIPA lysis buffer (VWR, Soeborg, Denmark) with cOmplete Mini (Roche Applied Science, Hvidovre, Denmark) was added to cells in 6-well plates and incubated on ice for 15 min. The lysates were collected and after 30 min of centrifugation at 13,000 rpm, the supernatant was isolated, and 15 μg of total protein was used for western blotting. Cell lysates and cell medium were electrophoresed on a Mini-PROTEAN TGX 4%--15% gel (Bio-Rad, Copenhagen, Denmark). The gel was run at 200 V for 30 min in 1× TGS buffer (Bio-Rad). Proteins were blotted to polyvinylidene fluoride membranes (Bio-Rad) using a Trans-Blot Turbo Transfer system (Bio-Rad). Membranes were blocked for 1 hr in Tris-buffered saline-tween20 (TBS-T) containing 5% (w/v) skim-milk powder (BD Difco, Franklin Lakes, NJ, USA) and incubated at 4°C overnight (ON) with rabbit anti-VEGFA antibody (ab46154; Abcam, Cambridge, UK). Membranes were washed for 3 to 5 min in TBS-T before incubation with horseradish-peroxidase (HRP)-conjugated goat-anti-rabbit antibody (DAKO, Glostrup, Denmark) for 1 hr at room temperature (RT). Bound antibodies were visualized with Clarity Western ECL Blotting substrate (Bio-Rad) on an ImageQuant LAS4000 digital imaging system (GE Healthcare, Cleveland, OH). Anti-histone H3 antibody (ab1791; Abcam) was used as a loading control for 1 hr incubation followed by 3 to 5 min TBS-T wash and goat-anti-rabbit HRP-conjugated antibody for 1 hr before visualization.

Animals {#sec4.6}
-------

All animal experiments were approved by the Danish Animal Inspectorate (Case \# 2015-15-0201-00691). Male C57BL/6J mice, 8--9 weeks of age, were purchased from Janvier Labs (Le Genest-Saint-Isle, France). The mice were kept on a 12 hr/12 hr light/dark cycle at the Animal Facilities, Department of Biomedicine, Aarhus University. A combination of ketamine 60--100 mg/kg (Ketador, Richter Pharma AG, Wels, Austria) and medetomidine hydrochloride 0.5--1 mg/kg (Cepetor, ScanVet Animal Health A/S, Fredensborg, Denmark) were used as anesthesia prior to subretinal injections or in vivo fundoscopy. A drop of 1% tropicamide solution (Mydriacyl, Alcon Nordic A/S, Copenhagen, Denmark) and 10% phenylephrine hydrochloride (Metaoxedrin, Skanderborg Apotek, Skanderborg, Denmark) were used for dilation of pupils. Eyes were lubricated prior to subretinal injection and fundoscopy with a carbomer eye-gel (Viscotears, 2 mg/g, Alcon Nordic A/S). Atipamezole hydrochloride (Antisedan, Orion Pharma, Espoo, Finland) 0.5--1 mg/kg was used to bring the mice out of sedation, and mice were kept warm until mobile, before being transferred back into their cages. In the period one day prior to and three days after subretinal injection, the mice were treated with the NSAID carprofen 5 mg/150 mL (Norodyl, ScanVet Animal Health A/S) via their drinking water. In addition, to ensure adequate analgesia mice received subcutaneous injection of carprofen (5 mg/kg) 24 hr prior to and immediately after suretinal injection.

Subretinal Injections {#sec4.7}
---------------------

A total of 36 C57BL/6J male mice, 8--9 weeks of age, were divided into five groups; LV/Cas9-sgRNA1 (13 mice, 10 for FACS-sorting and 3 for cryosectioning), LV/Cas9-sgRNA2 (5 mice), LV/Cas9-sgRNA3 (5 mice), LV/Cas9-sgRNA-Irr (10 mice), and 3 mice as non-injected controls for cryosectioning. Subretinal injections of 100 ng p24 in a total volume of 2 μL of LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, LV/Cas9-sgRNA3, or LV/Cas9-sgRNA-Irr were performed in accordance with the method described by Bemelmans et al.[@bib30]

Cryosectioning and Visualization of eGFP {#sec4.8}
----------------------------------------

Cryosectioning and histological analysis were performed as previously described.[@bib28] In brief, mice were euthanized by cervical dislocation, and eyes were fixated in 4% paraformaldehyde (PFA) for 5 min at RT. The lens and cornea were removed, and the eyes were fixated for two hours at RT. The eyes were washed in PBS and kept in a 30% sucrose solution ON at 4°C. The eyes were frozen on dry ice in optimal cutting temperature compound (Tissue Tek; Sakura Finetek, AV Alphen aan den Rijn, the Netherlands) and stained with DAPI (Sigma-Aldrich). Cells were visualized using a confocal laser scanning microscope (LSM 710, Zeiss, Jena, Germany).

Retinal Dissection and FACS {#sec4.9}
---------------------------

Mice were euthanized, and the eyes were enucleated and dissected immediately. The lens, cornea, and neuroretina were removed, and the eyecup was placed in 1% trypsin (Sigma-Aldrich) for 1 hr at 37°C. Cells in the eyecup were rinsed in Hank's balanced salt solution (Sigma-Aldrich), and the cell population was placed in 1% trypsin for 1 hr to obtain a single-cell solution. The solution was sorted on a FACSAria III high-speed cell sorter (BD Biosciences, San Jose, CA, USA) for sorting of eGFP^+^ cells. During the sorting, no cells were excluded due to aggregation, size, or debris. The only sorting criterion was eGFP expression.

TOPO Cloning {#sec4.10}
------------

Exon 3-specific amplicons of the *Vegfa* gene generated by PCR using gDNA obtained from eGFP^+^ FACS-sorted RPE cells from mice treated with LV/Cas9-sgRNA1, LV/Cas9-sgRNA2, or LV/Cas9-sgRNA3 were TOPO cloned into the pCR-Blunt-II-TOPO (Invitrogen, Taastrup, Denmark) vector and transformed in *E. coli*. Colonies were analyzed by PCR amplification using genomic primers for the *Vegfa* exon 3 region. Purified PCR products were sequenced (GATC Biotech, Constance, Germany).
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